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The crystal structure of the dimerization initiation site of
genomic HIV-1 RNA reveals an extended duplex with 
two adenine bulges
E Ennifar, M Yusupov†, P Walter, R Marquet, B Ehresmann, C Ehresmann
and P Dumas*
Background: An important step in retroviral replication is dimerization of the
genomic RNA prior to encapsidation. Dimerization is initiated by the formation
of a transient ‘kissing-loop complex’ that is thought to be subsequently matured
into an extended duplex by the nucleocapsid protein (NCp). Although chemical
probing and nuclear magnetic resonance spectroscopy have provided insight
into the structure of the kissing-loop structure, no structural information
concerning the extended-duplex state is available so far.
Results: The structure of a minimal HIV-1 RNA dimerization initiation site has
been solved at 2.3 Å resolution in two different space groups. It reveals a
22 base pair extended duplex with two noncanonical Watson–Crick-like G–A
mismatches, each adjacent to a bulged-out adenine. The structure shows
significant asymmetry in deep groove width and G–A base-pair conformations.
A network of eight magnesium cations was clearly identified, one being
unusually chelated by the 3′ phosphate of each bulge across an extremely
narrowed deep major groove.
Conclusions: These crystal structures represent the putative matured form of
the initial kissing-loop complex. They show the ability of this self-complementary
RNA hairpin loop to acquire a more stable extended duplex structure. Both
bulged adenines form a striking ‘base grip’ that could be a recognition signal,
either in cis for another viral RNA sequence, or in trans for a protein, possibly
the NCp. Magnesium binding might be important to promote and stabilize the
observed extrahelical conformation of these bulges.
Introduction
Retroviruses, including HIV-1, encapsidate their genome
as a dimer of homologous single-stranded RNAs that are
noncovalently held together near their 5′ ends [1,2]. The
HIV-1 dimerization initiation site (DIS) was identified as
the first of four consecutive stem-loops located in the
RNA-packaging signal [3]; for a review see [4] (Figure 1a).
The initial dimerization step is the formation of a kissing-
loop complex by base pairing of the six self-complemen-
tary nucleotides present in the DIS loop [3,5,6]
(Figure 1b). The stability of this complex is strongly
dependent on the three purines surrounding the self-com-
plementary sequence [6,7], which are likely to be involved
in noncanonical interactions [7,8]. This kissing-loop
complex is thought to be matured into an extended
duplex by the nucleocapsid protein (NCp), by propagation
of the intermolecular interaction to the DIS stem
(Figure 1b,d). This has been well described for Moloney
murine leukemia virus (MoMuLV) [9] and HIV-1 [10,11].
Interestingly, the DIS sequence is strongly conserved and
most HIV-1 isolates fall into two classes with either
AAGCGCGCA or AGGUGCACA in the loop [12],
depending on their geographic origin. These two classes
are represented by the well-studied LAI and MAL iso-
lates, respectively. This strong evolutionary pressure sug-
gests that the DIS plays a crucial role in RNA packaging.
Indeed, mutations in the DIS resulted in a dramatic drop
in infectivity resulting from abnormal dimer formation and
defects in RNA packaging and reverse transcription
[13–16]. Because of the functional importance of viral
RNA dimerization, the DIS represents an interesting
potential therapeutic target. Although chemical probing
and NMR have provided insight into the structure of the
kissing-loop structure, no structural information concern-
ing the extended duplex is available so far. 
Here, we report the crystal structure, in trigonal and mono-
clinic space groups, of the extended duplex formed by a
23-nucleotide RNA fragment corresponding, supposedly,
to the matured HIV-1MAL DIS. The structure shows a
‘base-grip’ motif formed by two extrahelical bulged
adenines, flanked by two G–A mismatches. It also shows a
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wealth of eight magnesium-binding sites, of which three
are directly involved in the structure formed by the bulges
and in stabilizing them.
Results and discussion
Overview of the structure in both space groups
The observed structures correspond to a 22 base pair (bp)
duplex, the longest described to date (Figure 2). The
duplex is almost perfectly linear and shows two complete
turns of an RNA helix. As seen in other cases, the duplexes
are packed together so as to form infinite helices in both
space groups (along a and b axes in the trigonal form). The
two strands of the duplex (named a and b from here on) are
related by twofold noncrystallographic symmetry, in agree-
ment with previous experimental determination of crystal
content for the trigonal form [17]. On the basis of sequence
examination of the DIS one would predict a secondary
structure with two internal loops, each formed by three
bulged purines (Figure 1c). However, both crystal struc-
tures show that only one residue bulges out (A8 of each
strand), as two noncanonical Watson–Crick base pairs are
formed, namely G9a–A16b and G9b–A16a (Figure 1d,3a,b).
As a result of their eight base pair separation, the two A8s
bulge out of the helix roughly in the same direction and are
separated by the minimum possible distance across the
deep groove. They thus form a remarkable base-grip struc-
ture emerging from the otherwise smooth elongated helix
(Figure 2). At first sight, such a feature is strikingly similar
to what has been described for a chimeric RNA–DNA
A-form duplex with two bulged dA residues separated by
four DNA base pairs [18]. There is, however, a significant
difference as in the DIS structure the relative position of
the two bulged As brings their respective 3′ phosphates in
such close proximity that they are bridged across the deep
groove by a magnesium ion. As a consequence, there is a
complete locking of the deep groove in the central part of
the DIS structure (Figure 2), instead of its broadening in
the Portmann et al. structure [18]. 
As the base grip is the only protuberance emerging from
the helix, it is directly involved in intermolecular contacts.
One might therefore ask whether it might not be the
result of particularly favourable packing interactions,
rather than of a relevant conformation of the molecule.
This important question will be fully addressed below.
However, in this respect, it might be already pointed out
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Figure 1
Localization, and primary and secondary
structure of the DIS. (a) Secondary structure
and localization of the four stem-loops SL1,
SL2, SL3 and SL4 forming the encapsidation
site. The fragment of SL1 that has been
crystallized is boxed. SD stands for splice
donor site. The initiation codon of gag is
highlighted by an arrow. (b) Secondary
structure of two DISs of 23 nucleotides
forming a kissing-loop complex. (c) Expected
secondary structure of the extended duplex
form. (d) Secondary structure of the
extended duplex as seen in the crystal. The
bulged-out adenine base, numbered 8 in this
structure, corresponds to A272 in the full-
length viral RNA.
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Structure
that it is quite interesting to have the results from two dif-
ferent crystal forms obtained in the same crystallization
conditions. In fact, both forms could grow in the same
drops, albeit much less often for the monoclinic crystals
[17]. Therefore, what can be reasonably inferred from this
identical conformation for the two structures is that this
base grip results from a stable structure per se because the
interactions made by the bulged As are significantly dif-
ferent in the two cases (see below).
Two non-equivalent Watson–Crick-like G–A mismatches in
both crystal forms
Despite the strict symmetry in sequence, the two G–A
base pairs are significantly different. The trigonal form,
solved first, has a pronounced kink (the so-called buckle
angle) and propeller twist of the G9a–A16b base pair,
leading to a bifurcated hydrogen bond between G9a and
C17b (Figure 3a), whereas the G9b–A16a base pair is
almost planar (Figure 3b). Importantly, the different con-
formations of the two purine base pairs lead to different
deep-groove accessibility in their neighbourhoods: the
extended planar G–A base pair significantly opens the
deep groove by ~2.5 Å in comparison with the situation
around the less-extended kinked G–A base pair
(Figure 2). Again, had only the trigonal form been solved,
one could have concluded that a correlation exists
between the influence of packing and the detailed confor-
mation of the structure. However, the monoclinic form
shows exactly the same patterns for the two G–A base
pairs and, notably, for the asymmetry in the deep-groove
opening. We are thus led to hypothesize that this asym-
metrical structure pre-exists in solution, whereas a sym-
metrical conformation would not be stable but is only
accommodated as a transition state in a flip-flop mecha-
nism (the comparison with an unstable symmetrical transi-
tion state during a chemical reaction is tempting in this
regard). Altogether, these differences are suggestive of a
structural versatility of the purines in positions 8, 9 and 16,
in agreement with previous results concerning their contri-
bution to the stability of the duplex and their possible role
in the transition from the kissing-loop complex to the
extended duplex. [6,7].
Bulges are involved in crystal packing
Being related by noncrystallographic symmetry in both
crystal forms, the two bulged adenine bases are in different
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Figure 2
General views of the DIS structure (trigonal form). (a) Stereoview of
the DIS structure. The angle between the upper and lower parts of
the helical axis is about 13°. Strands labelled a and b are coloured
red and green, respectively. Magnesium ions are shown as yellow
spheres and are labelled with Greek letters. The residue A8b is
shown with its two alternate conformations (see text). The
noncrystallographic axis of symmetry is coincident with the line
passing through Mg δ and Mg ε. (b,c) Solvent-accessible surface of
the structure with the negative charges in red and the positively
charged magnesium represented by blue spheres. Bulged residues
A8a and A8b (in its C2′ endo conformation) are in pastel green. The
picture emphasizes the deep-groove widening as a result of the
planar G–A base pair and the ‘magnesium-clamp’ motif with an
extremely narrowed deep groove (c).
environments. Interestingly, the naming of the two bulges
can be based upon the previously mentioned asymmetry of
the duplex, thus allowing a true comparison to be made of
both structures. In the trigonal form, base A8a is in the syn
conformation and makes well-defined contacts (including a
clear C1–N3 hydrogen bond) with G4b of a symmetry-
related duplex (Figure 4a). The sugar is in a mixed
C3′-endo/O4′-endo puckering state. The base of A8b, on the
contrary, is in the anti conformation and interacts via a crys-
tallographic twofold axis with A8b of another duplex mol-
ecule. This interaction, however, requires that the riboses
of two facing A8b residues have opposite conformations
(namely, C3′-endo and C2′-endo) to avoid either complete
lack of base interaction or, alternatively, base clash on the
twofold axis. Thanks to this local symmetry violation the
two bases are perfectly stacked on top of one another
(Figure 4b). 
In the monoclinic form, residue A8b was very clearly
defined in the earliest electron-density maps. Its base is in
the syn conformation and is unusually stabilized by five
hydrogen bonds (Figure 4c). Residue A8a is localized in
the vicinity of the twofold axis. Omit maps showed that it
adopts alternate conformations by interaction with a sym-
metry mate, in a very similar way to A8b in the trigonal
form. Thus, in this respect, A8a of one structure is compa-
rable, not to A8a, but to A8b of the other structure. This
reinforces the notion that asymmetry of the duplex does
not depend on particular interactions of the bulges, and
also that the conformation of each A bulge is independent
of its next G–A base pair. Interestingly, as already
described for the chimeric RNA–DNA duplex [18], and
for the Beet Western Yellow Virus (BWYV) pseudoknot
[19], the DIS structures also show that a bulged-out
residue, although extremely constrained by its neighbours,
can adopt both the C2′- and C3′-endo conformations. This
means that, in solution, the ribose in question can flip
between these two conformations, which, in turn, might
increase the versatility of the bulged adenines to form a
recognition site (see below). Quite interestingly, recent
theoretical calculations have shown remarkable agreement
with these observed alternate conformations [20].
Relevance of the observed extrahelical bulges
We want to address in greater detail the important ques-
tion as to whether the observed extrahelical bulges could
merely be the result of some ‘crystal-packing artefact’.
Although this argument tends to become weaker after the
so many significant packing interactions described so far
by crystallography, it is legitimate to ask such a question.
Indeed, it is well known that exposing an aromatic base to
the solvent has a strong energetic cost and, again, it might
be thought that favourable packing contacts have no bio-
logical relevance whatsoever. However, we have com-
pelling reasons to believe that the conformation with the
bulged-out adenines is a relevant one. First, if such a con-
formation (which is seen in several DNA or RNA crystal
structures) is well stabilized by crystal-packing interac-
tions, it is certainly not the result of the crystallization
process. Second, the unfavourable free-energy change in
exposing the base to the solvent has to be significantly
lowered by a ‘bulge-entropy’ term [21] due to the previ-
ously mentioned sugar-puckering disorder. Third, and
most importantly, although nuclear magnetic resonance
(NMR) spectroscopy solution studies generally show
intrahelical bulges, there exist noticeable examples of the
latter describing conformations either strikingly similar to
the present one (for example, [22]), or suggesting the
likely existence of an in–out equilibrium [23]. Finally,
another line of evidence exists for such extrahelical bulges
pre-existing in solution (and, more precisely, in vivo). This
comes from the numerous examples of a bulging base,
interestingly most often an adenine base, which has been
described as a specific site for protein interaction. One
may cite binding of Escherichia coli ribosomal proteins to
ribosomal RNA (rRNA), namely L18 to 5S rRNA [24], and
S8 to 16S rRNA [25], and the binding of bacteriophages
R17 and MS2 coat proteins to the translational operator of
their replicase gene [26–28]. It could be argued that, in
each case, the concerned protein recognizes a stacked
bulge and triggers the flipped-out conformation. Not only
1442 Structure 1999, Vol 7 No 11
Figure 3
Close-up views of the Watson–Crick-like G–A mismatches (trigonal
form). (a) View of the G9a–A16b base pair emphasizing the bifurcated
hydrogen bond between G9a(N2) and C17b(O2) that results from
large buckle and propeller-twist angles. (b) View of the almost planar
G9b–A16a base pair which, at variance with the kinked G9a–A16a
base pair, induces a local broadening of the deep groove by about
2.5 Å. For the sake of clarity, A8b is represented here in only one
(C3′ endo) of the two alternate conformations.
is this very unlikely but, furthermore, direct proof to the
contrary exists [24]. In conclusion, an equilibrium cer-
tainly exists between in and out conformations, and this
crystal structure shows one of them. This question of
equilibrium will be examined further with regard to mag-
nesium binding around the two bulges.
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Figure 4
Interactions of the bulged residues. (a) Interaction between the
bases of the bulged A8a and of G4b of a symmetry-related molecule
(G4b′ on the figure) in the trigonal form. Note the existence of an
unusual C–H–N bond. Hydrogen-bond lengths are drawn and
labelled in green. (b) Stereoview of the base-stacking interaction in
the trigonal form between A8b (C2′ endo; green) and A8b′
(C3′ endo; purple) resulting from local symmetry violation around a
twofold axis (the base of A8b lies on the symmetry axis).
(c) Stereoview of A8b (green) in the monoclinic form, interacting with
residues C5a (light green) and C20b (magenta) of a symmetry-
related molecule. The 2.8 Å resolution (3Fobs–2Fcalc) electron-density
map, contoured at 1.4σ, also shows the partially dehydrated
magnesium γ (yellow sphere). Five hydrogen bonds (dotted lines)
stabilize the bulged residue.
Figure 5
Stereoview of the (2Fobs–Fcalc) electron-
density map (light blue) around the
hexahydrated magnesium site β′, showing the
first hydration shell of this cation and three
water molecules of its second hydration shell.
The (FMnobs–FMgcalc) Fourier difference map
contoured at 4σ is superimposed in orange.
Manganese substitution confirms eight magnesium sites in
the DIS duplex 
Eight cation sites have been identified in the DIS trigonal
structure. Moreover, all of them appear in the monoclinic
structure at the same positions (see the Materials and
methods section). They form a network of six positions
(α, α′, β, β′ and γ, γ′) related pairwise by noncrystallo-
graphic symmetry (NCS), and of two unique positions
(δ and ε) lying on the NCS axis. Crystallographically, the
electron-density quality is not alike for all sites. However,
for sites α′, β′, γ, γ′ and δ it clearly shows the first hydration
shell (Figure 5) with strict octahedral coordination and dis-
tances characteristic of magnesium hydration (Table 1). For
sites α and β, for which the electron density is less well
defined, their strict correspondence with α′ and β′ makes
their identification as magnesium atoms very reasonable. In
order to assess that point, we extensively soaked a crystal in
a manganese solution. As expected, Fourier difference
maps with coefficients (FMnobs–FMgcalc) clearly showed
strong positive peaks on, or close to, all identified magne-
sium sites, demonstrating that every bound magnesium
was exchanged by manganese. The fact that these positive
peaks correspond to manganese atoms was definitely con-
firmed by the ‘anomalous signature’ of this element (see
the Materials and methods section for more details). Inter-
estingly, two manganese sites (α and α′) are split into two
alternate positions. This aspect, as well as binding of other
cations, will be published elsewhere.
A new magnesium–RNA binding motif: the ‘magnesium
clamp’ 
These magnesium sites can be segregated into two groups:
fully hydrated sites without a direct link to the RNA mol-
ecule (sites α, α′, β, β′ and ε); and partially dehydrated
sites with direct coordinations to RNA (sites γ, γ′ and δ).
The fully hydrated magnesium cations all display a similar
binding pattern: they lie in the deep groove and are coordi-
nated, via their first hydration shell, to Hoogsteen sites
(i.e. O6 and N7) of a guanine residue. This has already
been described in several crystal structures [29–32]. Inter-
estingly, for sites α, α′, β and β′ (but not ε), the metal atom
is in the plane of the guanine base, within experimental
error (Figure 5). This feature was also observed for the
four cobalt-hexamine (which mimics fully hydrated mag-
nesium) sites of the intron P4–P6 structure [30]. For site ε,
which lies on the NCS axis, the cation is shared by the two
G12a–C13b and G12b–C13a base pairs by symmetrical
interaction with O6 and N7 of the Gs and N4 of the Cs. 
The partially dehydrated magnesium cations (sites γ, γ′
and δ) are located around the two bulges. All three have
two water molecules of their hydration shell replaced by
RNA oxygen or nitrogen atoms. Magnesium γ and γ′, sym-
metrically located in the negatively charged pockets
formed by the bulged residues A8 and the G9–A16 mis-
matches, are coordinated to the proR oxygen of phosphate
A8 and N7 of G9 (Figure 6). Magnesium δ directly
bridges, across the deep groove, the two phosphates 3′ to
each bulge. This is made possible by the exceptionally
short distance of 4.2 Å between the proR oxygens of these
phosphates, the metal being at 2.1 Å from each of them
(Table 1). To our knowledge, this is representative of a
new motif of metal binding to nucleic acids; we have
called it the ‘magnesium clamp’.
Is an in–out bulge transconformation magnesium-
dependent?
It should be recalled that, even though the crystals were
eventually stabilized at magnesium concentrations of
100 mM, they were grown in 5 mM magnesium (whether
they could grow at lower concentrations of magnesium
was not tested). Therefore, the RNA structure that is
observed is not the result of abnormally high divalent
cation concentrations. It is true, however, that the
observed magnesium-binding pattern could be signifi-
cantly affected by lower concentrations of the ion. As the
magnesium γ, γ′ and δ are so intimately related to the
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Table 1
Distances of magnesium atoms from closest water or RNA
atoms (trigonal form).
Mg2+ site Ligand Distance (Å)
α O6 G4a 2.8
N7 G4a 4.0
N4 C20b 4.3
O6 G19b 4.6
O4 U3a 2.9
α′ O6 G4b 4.4
N7 G4b 4.7
Water 2.3, 2.3, 2.0, 2.2, 2.4
β O6 G7a 4.2
N7 G7a 4.2
Water 2.0, 2.2, 2.1, 2.4
β′ O6 G7b 3.9
N7 G7b 4.6
Water 2.1, 2.4, 2.0, 2.4, 2.3, 2.4
γ OP G9a 4.5
N7 G10a 4.4
N7 G9a 2.2
OP A8a 2.4
Water 2.2, 2.4, 2.4, 2.1
γ′ OP G9b 4.6
N7 G10b 4.7
N7 G9b 2.3
OP A8b 2.0
Water 2.1, 2.0, 2.5, 1.9
δ OP G9b 2.1
OP G9a 2.1
Water 2.0, 2.4, 2.1, 2.5
ε O6 G12a 3.1
O6 G12b 3.1
N4 C13a 3.9
N4 C13b 3.7
Water 1.9
bulges, and as they clearly stabilize them in the extra-
helical conformation, it is tempting to hypothesize that
changes around some critical magnesium concentration
could trigger the previously mentioned in–out transition.
Interestingly, the fact that NMR studies, which usually
described the in conformation, were made without magne-
sium adds some support to this hypothesis. 
Comparison between X-ray and NMR results
When this paper was first submitted, only one NMR
structure of the HIV-1LAI DIS was known [8]. At vari-
ance with the extended duplex described here, it
exhibits the kissing-loop interaction, apparently in a
metastable pre-melted conformation. Interestingly,
another NMR structure of the HIV-1LAI DIS was pub-
lished after this work had been submitted [33]. With a
difference in sample preparation, which includes slow
cooling after annealing at 90°C instead of the fast-cooling
protocol used by Mujeeb et al. [8], this new structure
shows the extended duplex form. Although its overall
aspect is quite similar to our  HIV-1MAL DIS crystal struc-
ture, it differs markedly by the absence of extrahelical
bulges, its adenine base A8 being stacked within the
helical duplex. Therefore, in agreement with the previ-
ously mentioned hypothesis on a magnesium-dependent
in–out bulge flipping, the latter structure, in absence of
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Figure 6
Stereoviews showing the closing of the deep
groove in the vicinity of the bulges and three
magnesium cations with direct coordination to
phosphates and N7 atoms (trigonal form). 
(a) Axial coordination of Mg δ by the
phosphates of G9a and G9b. Mg γ and γ′ are
each localized in a pocket formed by the
phosphate of A8 and the N7 of G9 of strands
b and a, respectively. The ribose of A8a
adopts the C3′ endo/O4′ endo conformation
and its base is in the syn conformation,
whereas the ribose of A8b is shown here in
one of the two conformations (C2′ endo). The
line of sight is along the noncrystallographic
dyad axis. (b) Representative (2Fobs–Fcalc)
electron-density map (light blue),
superimposed with the (FMnobs–FMgcalc)
Fourier difference map (orange), contoured at
4σ around site δ and at 6σ around sites γ and
γ′ (see the Materials and methods section).
magnesium, would correspond to the in conformation,
whereas our crystal structure, in the presence of magne-
sium, would correspond to the out conformation. 
As the crystal structure described here was obtained under
conditions considered typical for formation of the kissing-
loop complex (fast-cooling protocol of the annealed RNA
and then crystallization at 37°C in absence of nucleocapsid
protein), in agreement with previous results [34,35], one
may be concerned by our observation of a duplex in the
crystals. However, this result in such crystallization condi-
tions is in perfect agreement with the known dependency
of the hairpin–duplex equilibrium on oligomer concentra-
tion, ionic strength and temperature [36,37]. Furthermore,
stacking interactions in the infinite helices favour incorpo-
ration of linear duplex modules into the crystal. Again, the
previous argument bearing on extrahelical bulges applies:
even if the crystallization process selects the duplex form,
it does not create it. In this respect, it should be noticed
that physicochemical conditions in crystallization drops
and NMR samples are quite alike in these DIS studies.
Effectively, RNA and monovalent salt concentrations,
temperature, as well as the day-long timescale necessary
for NMR data collection and crystallization, were all
similar. The significant differences concern the detailed
sequences of both 23-mers, and magnesium, spermine and
precipitating agent (1–3% methyl pentane diol [MPD]
v/v) present in crystallization drops, but absent in NMR
samples. It does not seem obvious, in the context of
simple oligomers, that these differences are sufficient to
prevent, on a day-long timescale, the existence of an equi-
librium between the kissing-loop complex and the
extended duplex in solution studies. Certainly, this
hairpin–duplex equilibrium as well as the putative magne-
sium-dependent bulge transconformation would deserve
additional investigation.
Biological implications
Dimerization of the HIV genome initiates at a specific
dimerization initiation site (DIS) with the formation of a
‘kissing-loop’ complex that subsequently matures
into a more stable form, possibly an extended duplex. We
have solved the crystal structure of the DIS in its
extended-duplex form. A ‘base-grip’ structure pro-
truding from the helix is indicative of a potential recogni-
tion site. One immediate hypothetical candidate is the
nucleocapsid protein (NCp) that is known to interact
specifically with the stem-loop SL1–SL4 encapsidation
region. Furthermore, the precursor of the mature NCp,
the GAG polyprotein, has been shown to interact with
SL1, SL3 and SL4 [4,38]. Interestingly, an NMR struc-
ture of an NCp–SL3 complex shows a conserved purine
within the SL3 loop involved in a stacking interaction
with the conserved Trp37 of the second cysteine–histi-
dine box of the NCp [39]. The NMR structure also
reveals the insertion of the N-terminal α helix within the
deep groove of the SL3 stem. Given the aforementioned
deep-groove widening as a result of the G–A mismatch,
one may hypothesize that an analogous interaction could
occur with the extended duplex form of the DIS. Alter-
natively, it is possible that the two bulged-out As, instead
of interacting in trans with a protein, might interact in cis
with the viral RNA itself. This hypothesis is in agree-
ment with the fact that, for HIV-1MAL, a region down-
stream of the DIS significantly increases the stability of
the dimer, which requires that some (as yet unknown)
interaction exists [5].
A maturation step, corresponding to a transition from
the kissing-loop complex into a more stable form has
been described for HIV-1 [11,35]. The transition step
between the kissing-loop complex and the elongated
duplex form can be readily compared to the maturation
of target RNA–antisense RNA, known for their plasmid
copy number regulation properties. This is well docu-
mented in the case of RNAI–RNAII for plasmid ColE1,
or of CopA–CopT for plasmid R1 (see [40] for a review).
The latter is a good example of the possible complexity of
such a transition, as it shows that the maturation step
may not initiate only at the loop–loop interaction site but
also at a site distant from it. Again, it should be empha-
sised that both NMR and X-ray DIS structures concern
short RNA molecules that are far from being totally rep-
resentative of the full genomic RNA and of its interac-
tions with the viral proteins. Therefore, the NCp-driven
transition [11] needs to be investigated further in order
for us to understand the complete sequence of molecular
events leading to the tight RNA dimer within the capsid.
What can now be inferred from the base grip observed in
the extended duplex, but not in the kissing-loop struc-
ture, is that this transition might regulate RNA–protein
or tertiary RNA–RNA interactions.
Of the eight magnesium-binding sites in the DIS struc-
ture, six form a striking pattern around the bulges, giving
the DIS a unique ‘magnesium signature’. Such a
motif could allow an accurate identification and targeting
of this part of the viral RNA, as pointed out in other
cases [41–43]. The latter studies have shown that
aminoglucoside antibiotics are able to specifically bind
RNA molecules by displacing essential magnesium ions,
thus modifying their biological role. It could be possible
to use this magnesium signature as a starting point for
designing drugs targeted against any subsequent process
requiring specific recognition of this site.
Materials and methods
RNA synthesis, purification and crystallization
23-mer DIS RNA was synthesized and purified as described previously
[17], with the following recent modifications. Fully deprotected native
RNA, as well as U2-bromated or U2-iodated RNA, was purified by dena-
turing 15% polyacrylamide gel electrophoresis (urea 8 M, 0.5 x Tris-
borate-EDTA (TBE) buffer, 18 h at 400 V, without heating the gel), and
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extracted by a ‘crush-and-soak’ method using 40 mM MeS pH 6.2,
1 mM EDTA during 24 h for the elution. Further purification was per-
formed by high-pressure liquid chromatography (HPLC) using a Dionex
Nucleopac PA-100 ion-exchange column heated at 85°C, equilibrated
in 4 M urea, 20 mM Mes pH 6.2 and using NaClO4 for the eluting gradi-
ent. The size and purity of the native RNA, as well as the presence of
iodine atom on the iodated derivative, were checked by matrix-assisted
laser desorption/ionisation time-of-flight (MALDI-TOF) mass spectro-
metry (detailed conditions, not reported elsewhere, are available on
request). Conditions of crystallization described in [17] are briefly
recalled here. The drops were set using a crystallization solution made
of a 10:1 ratio (v/v) of an RNA solution (150 mM KCl, 20 mM Na
cacodylate pH 7.0, 5 mM MgCl2 and RNA concentration of ~4 mg ml–1)
and a solution containing 10% MPD and 50 mM spermine. Drops (up to
10 µl) were equilibrated at 37°C against a reservoir solution (50% MPD,
300 mM KCl, 50 mM Na cacodylate pH 7.0 and 100 mM MgCl2). Quite
interestingly, small crystals with typical trigonal morphology appear
within minutes at room temperature and redissolve within one hour at
37°C. The best crystals were obtained at 37°C within one week, further
stabilized in reservoir solution and slowly cooled to room temperature.
For the purpose of multiple isomorphous replacement (MIR) phasing,
native and bromo-U2 derivative crystals of the trigonal form were suc-
cessfully soaked for three days in a standard reservoir solution contain-
ing 10–20 mM Ruthenium (III) hexamine (Aldrich).
X-ray data collection and processing
Crystals were flash-cooled in liquid ethane prior to data collection. Data
were collected at 120K, either on our Mac Science DIP 2000b image
plate with an Enraf–Nonius generator, or on a synchrotron beam line at
LURE (DW32) and at ESRF (D2AM). Data were processed using the
HKL package [44]. The space group is P3121 with cell parameters
a = b = 59.1 Å, c = 64.0 Å for the trigonal form, and P2 with cell para-
meters a = 45.5 Å, b = 31.4 Å, c = 51.2 Å, β = 116° for the monoclinic
form. Care was taken to identify twinning by hemihedry in the trigonal
form, to either exclude data from severely twinned crystals or recover
correct intensities when possible [17,45,46]. Statistical information
about data is given in Tables 2 and 3.
Structure solution and refinement of the trigonal form
Heavy-atom sites were localized with the program LOCHVAT [47,48]
using a 12–3.5 Å resolution range. multiple isomorphous replacement
with anomalous scattering (MIRAS) phasing at 2.65 Å resolution was
performed with the program SHARP 2.0 [49] using Native 1 and deriv-
ative data sets described in Table 2. After solvent flattening with
SOLOMON [50] (solvent content of 49%), the map obtained from
SHARP was of outstanding quality and clearly showed the duplex
structure with the two bulged residues as well as three potential
cationic sites (identified later as Mg β, γ′ and δ). One first model of a
22 bp helix was generated by the program NAHELIX (E Westhof,
unpublished results) and the model was built with the program O [51].
Refinement at 2.3 Å resolution was performed with CNS 0.4a [52],
without applying any noncrystallographic-symmetry restraints (Table 4).
As a result of complementarity of the two native data sets (good quality
data for native 1 up to 2.8 Å resolution, and high resolution data for
native 2 only) a mixed native was obtained by careful scaling and aver-
aging of the two data sets. This procedure was found efficient as
judged by a drop of ~5% in Rfree relative to using native 2 data. 
Confirmation of magnesium sites by manganese substitution
A Br–U2 crystal of the trigonal form, previously grown and stabilized in
presence of 100 mM MgCl2 (as described above), was extensively
washed in a magnesium-free mother-liquor solution (50% MPD,
50 mM Na cacodylate, 300 mM KCl and 100 mM MnCl2), renewed
every two days during one month (the reason for using a brominated
RNA for this test will be discussed later). After five more months, the
crystal was flashed-cooled for data collection. The refinement process
with these new data was performed by keeping magnesium atoms in
the model. SIGMAA-weighted [53] difference maps with coefficients
(FMnobs–Fcalc), Fcalc and phases being calculated from the new model
including all magnesium atoms, showed unambiguous positive residual
peaks on all magnesium positions, except for sites α and α′. For the
latter, there was an important shift of the positive peaks from G4 (of
the G4–C20 base pair) to G19 (of the next C5–G19 base pair)
without negative peaks appearing at the original positions. Therefore,
at variance with magnesium, manganese occupies alternate positions
on both Gs of the two adjacent G4–C20 and C5–G19 base pairs
(confirmed by a 3Fo–2Fc map showing peaks on both sites). Finally, as
at the CuKα wavelength the anomalous scattering for manganese
(∆f′′ = 2.8 e) is significantly higher than for potassium (∆f′′ = 1.0 e) and
much higher than for sodium (∆f′′ = 0.1 e), we have been able to
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Table 2
Data collection summary and phasing statistics for the trigonal form.
Native 1 Native Iodo–U2 BrU2–Ru Ru BrU2–Mn
Nonius 2ESRF (D2AM) LURE (DW32) LURE (DW32) Nonius Nonius
Maximum Resolution (Å) 2.65 2.25 3.00 3.00 2.65 3.08
Completeness* (%) 98.8 (96.9) 97.9 (98.3) 84.4 (84.5) 55.8 (35.0) 97.9 (93.6) 96.7 (92.1)
Redundancy 10.3 6.5 4.3 2.3 8.0 3.0
Number of reflections 3866 5842 2324 1646 3910 2446
Rsym*† (%) 4.7 (15.3) 6.9 (13.5) 3.7 (19.3) 4.7 (12.3) 4.3 (10.5) 5.2 (11.2)
Phasing power‡ iso (ano) – – 3.0 2.7 1.5 (1.2) –
Rcullis§ – – 0.6 0.6 0.8 –
*Values in parenthesis correspond to percentage in outermost shell. †Rsym = Σ |I–<I>| / Σ <I>, where I is the measured intensity of each reflection
and <I> the intensity averaged from multiple observations of symmetry-related reflections. ‡Phasing Power = <FH / LOC>, where LOC is the lack
of closure. §Rcullis = | |FPH ± FP|–FH| / |FPH–FP| for centric reflections. 
Table 3
Data collection summary for the monoclinic form.
Native
LURE (DW32)
Maximum resolution (Å) 2.40
Completeness* (%) 99.6 (99.0)
Redundancy 3.4
Number of reflections 5196
Rsym*† (%) 4.2 (23.2)
*Values in parenthesis correspond to percentage in outermost shell.
†Rsym = Σ |I–<I>| / Σ <I>, where I is the measured intensity of each
reflection and <I> the intensity averaged from multiple observations of
symmetry-related reflections. 
confirm the chemical identity of these peaks. To that end, an anom-
alous-difference map (8–3.5 Å) was calculated with coefficients
w (FMn+–FMn–) ei(ϕ + pi/2), the term w corresponding to a weighting
related to the probability that each experimental anomalous difference
(FMn+–FMn–) has the correct sign, and the phases ϕ being those of
the newly refined model with manganese replacing magnesium
(Table 4). Despite significant noise, all supposed manganese sites
matched positive peaks ranging from 3.0–9.0σ units above mean level;
these peaks included the four strongest of the map. That none of these
peaks was likely to correspond to potassium, or sodium, was indicated
by the fact that significantly lower peaks (1.7 and 2 σ units) appeared
on both fully occupied (covalently bound) bromine atoms although its
anomalous scattering (∆f′′ = 1.2 e) is higher than for potassium.
Structure solution of the monoclinic form
The monoclinic form was solved by molecular replacement with AMoRe
[54], using the trigonal structure without bulges as a model. Cross-
rotation and translation functions were performed in the 10–4.0 Å reso-
lution range, leading to a unique solution (c factor = 53.6%,
R factor = 39.9% after rigid-body refinement). The initial model was
then refined with CNS by gradually extending the resolution. Compos-
ite simulated-annealing omit maps [55] were then calculated to remove
model bias. Both adenine bulges were then readily identified and
added to the model. Strong positive peaks in Fourier difference maps,
as well as simulated-annealing omit maps, indicated that all eight mag-
nesium atoms of the trigonal form were also present in the monoclinic
form. Refinement is currently being completed (Table 4).
Figures
Figures 2a, 3, 4a and 5 were made with DRAWNA [56], Figures 4b
and 6 with O [51] and Figure 2b with WebLabViewer lite from MSI.
Accession numbers
Atomic coordinates and structure factors of the trigonal form have
been deposited in the Nucleic Acid Data Base (accession number
ur0005). Those of the monoclinic form will be made available as soon
as refinement is completed. 
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